Shewanella oneidensis MR-1 is quickly becoming a synthetic biology workhorse for 10 bioelectrochemical technologies due to a high level of understanding of its interaction with 11 electrodes. Transmembrane electron transfer via the Mtr pathway has been well characterized, 12 however, the role of NADH dehydrogenases in feeding electrons to Mtr has been only minimally 13 studied in S. oneidensis MR-1. Four NADH dehydrogenases are encoded in the genome, 14 suggesting significant metabolic flexibility in oxidizing NADH under a variety of conditions.
Introduction 28
Bioelectrochemical systems (BESs) interface electrochemically active bacteria with electrodes 29 for biotechnological applications including biosensing and electricity production. 1,2 Shewanella 30 oneidensis MR-1 is a γ-proteobacterium that has been used as a pure-culture model organism to The extracellular electron transfer capability of S. oneidensis MR-1 is dependent on the 39 Mtr pathway, 7 which is a porin-cytochrome complex (Figure 1) . 8 Porin-cytochrome complexes (Figure 1) . Hunt et al. 13 proposed that anaerobic lactate oxidation by S. 56 oneidensis MR-1 utilizes only quinone-linked dehydrogenases to bring electrons into the quinone 57 pool, making NADH dehydrogenases theoretically unnecessary under these conditions. This 58 model rests on the assumptions that pyruvate is processed only by pyruvate-formate lyase (Pfl) 59 under anoxic conditions and that all acetyl-coA is converted to acetate and excreted. However, for growth on lactate with high potential electrodes, their study did not investigate which specific 69 NADH dehydrogenases are used. The S. oneidensis MR-1 genome encodes four putative NADH 70 dehydrogenases: Nuo (SO_1009 to SO_1021), Ndh (SO_3517), Nqr1 (SO_1103 to SO_1108) 71 and Nqr2 (SO_0902 to SO_0907) (Figure 1) . 16, 17 Nuo couples NADH oxidation with proton 72 translocation (4 H + /2 e -), Nqr1 and Nqr2 act as sodium-ion translocators (2 Na + /2 e -), and Ndh 73 acts as a type II 'uncoupling' dehydrogenase that does not translocate ions. 16, 17 Ion translocation 74 by these complexes generates a membrane potential that powers flagellar motors and ATP 75 synthesis. Therefore, energy conservation from extracellular electron transfer will differ 76 depending on which NADH dehydrogenases are active. We recently determined that activity of 77 either Nuo or Nqr1 is essential for aerobic growth in minimal medium. 18
5
To follow up on our previous study and work by Hirose et al., 14 we investigated the 79 effects of deleting each NADH dehydrogenase on anaerobic respiration in S. oneidensis. We 80 used mutant strains lacking single or multiple NADH dehydrogenases and studied their electron 81 transfer capability in BESs under anoxic conditions. 18 We utilized both NAG and D,L-lactate as 82 substrates to investigate the effect of differing levels of NADH generation on phenotypic 83 differences between the strains. Current production, growth, and major metabolites were 84 compared between wild-type and all mutant strains. We learned that under the conditions tested 85 here, S. oneidensis requires either Nuo or Nqr1, the same dehydrogenases needed under aerobic 86 conditions.
87

Materials and Methods
88
Bacterial strains and culture conditions 89 S. oneidensis MR-1 cultures were inoculated from colonies on lysogeny broth (LB) agar plates 90 and grown overnight in LB at 30°C with shaking at 275 rpm. After overnight growth, 1 mL was 91 sub-cultured into 4 mL of fresh LB and grown for 8 hours (30°C, 275 rpm). NADH 92 dehydrogenase mutants of S. oneidensis ∆ndh, ∆nqrF1, ∆nqrF2, ∆nuoN∆nqrF1, 93 ∆nqrF2∆ndh, ∆nuoN∆ndh) were previously generated using an in-frame deletion method, and 94 functions were confirmed via complementation studies. 18 Knockout mutants were confirmed by KCl reference electrodes were prepared in house. The assembled systems were placed on a 108 magnetic stirrer and the electrodes were connected to a potentiostat (Bio-Logic Science 109 Instruments). The working electrode potential was set to +0.2 V vs reference and current was 110 measured every 1 second.
111
Baseline current measurements were collected for 24 hours before inoculation while 112 bubbling nitrogen gas (Airgas, purity: 99.9%) into the working chamber. Each culture was 113 pelleted, washed once with M5 minimal medium and standardized to an OD600 equal to 1.0. The 114 BES working chambers were inoculated to an OD600 equal to 0.01 in a final volume of 160 mL.
115
Samples for measurement of OD600 and substrate and product concentrations were taken daily. minutes with mixing every 10 minutes. The procedure was repeated with working electrodes by 146 suspending them in 15 mL of 0.2 M NaOH then vortexing, heating and mixing them. A Pierce 147 BCA Protein Assay Kit (Thermo Scientific) was used for measurement of total protein. In-frame deletions of each of the four NADH dehydrogenases in S. oneidensis MR-1 were 154 generated in a previous study (Figure 1) . 18 The present study investigates single-knockouts of 155 each NADH dehydrogenase (ΔnuoN, ΔnqrF1, ΔnqrF2, and Δndh), and a subset of the possible 156 double knockout combinations (ΔnuoNΔnqrF1, ΔnuoNΔndh, and ΔnqrF2Δndh). The wild-type 157 (WT) and mutant strains were grown in BESs with 10 mM NAG or 20 mM D,L-lactate and an 158 electrode potential of +0.4 VSHE. Under these conditions, none of the single mutant strains 159 showed a significant difference from WT in electric current production, growth, or substrate 160 utilization (Figures 2 and S1) . Of the double knockout strains, only ∆nuoN∆nqrF1 performed 161 significantly differently from WT. The ∆nuoN∆nqrF1 strain produced 35-fold less current and 162 11-fold less planktonic biomass than WT. The ∆nuoN∆nqrF1 strain consumed essentially no 163 NAG (Figure 2A-C) . When grown with D,L-lactate, the ∆nuoN∆nqrF1 strain produced 19-fold 164 less current and 12-fold less planktonic biomass compared to WT without metabolizing a 165 significant amount of D,L-lactate by the end of the experiment (Figure 2D-F and S2) . We also conducted experiments using Fe(III)-NTA as the electron acceptor in an 174 anaerobic chamber. Fe(III)-NTA has a redox potential of +0.587 VSHE at pH 7, similar to the 175 electrode potential of +0.4 VSHE. Under these conditions, all single knockout strains again grew 176 similarly to WT (Figure 3) . Only the ∆nuoN∆nqrF1 showed a significant growth defect, 177 producing 6.4 ± 0.73 mM and 6.1 ± 0.13 mM of Fe 2+ when using NAG or D,L-lactate 178 respectively, compared 26 ± 2.2 mM Fe 2+ and 88 ± 7.0 mM Fe 2+ for WT, respectively (Figure   179 3). The ∆nuoN∆nqrF1 strain also consumed minimal NAG or D,L-lactate during iron reduction 180 (Figure 3) . NADH dehydrogenase usage is similar between aerobic and anaerobic growth 189 We initially hypothesized that NADH dehydrogenase mutants would show no growth defect in 190 BESs with D,L-lactate based on previous predictions that NADH is not an electron carrier in 191 anaerobic lactate metabolism by S. oneidensis MR-1. 16, 17 However, we observed that either Nuo 192 11 or Nqr1 was necessary for growth under these conditions. This can be explained by anaerobic 193 Pdh activity, which generates NADH during pyruvate oxidation. Hirose et al. 14 recently observed 194 that Pdh is transcriptionally upregulated at high electrode potentials or with high potential 195 minerals. We used electron acceptors with high potentials in this study (electrode at +0.4 VSHE 196 and Fe(III)-NTA at E°= +0.587SHE), therefore Pdh was likely upregulated and active in our 197 system. It appears that Pdh was the main source of NADH, rather than the TCA cycle, because 198 most acetyl-coA was converted to acetate and excreted. We observed production of ~2.5 moles 199 of acetate for every mole of NAG consumed (3 is the theoretical maximum), and ~1.3 moles of 200 acetate per mole of lactate consumed (1 is the theoretical maximum).
201 Surprisingly, we observed that the same two NADH dehydrogenases necessary for 202 aerobic growth, Nuo and Nqr1, were necessary for anaerobic growth with high potential electron 203 acceptors. Previous high-throughput fitness analysis suggested that Nqr2 and Ndh would be 204 more important for growth under anoxic conditions. 18,27 However, these two complexes were not 205 sufficient to maintain growth under the conditions tested here. Considering that oxygen is also a 206 high-potential electron acceptor, our results suggest that regulation of the NADH 207 dehydrogenases may be more sensitive to the redox potential of the electron acceptor rather than 208 its specific identity. Indeed, Hirose et al. 14 found that Nuo transcript levels were higher with a 209 high-potential electrode than with a low-potential electrode. Our results confirm that Nuo is 210 important for respiration under very similar conditions. Because Nuo is the most efficient of the 211 four NADH dehydrogenases, its upregulation with high potential electron acceptors may allow S. 212 oneidensis MR-1 to generate more ATP by harnessing the greater voltage gap between quinols 213 and the terminal electron acceptor. The capability of S. oneidensis MR-1 to reshape its electron 214 transport chain to maximize energy production with a variety of electron acceptors likely has 215 significant impacts on its growth in different conditions.
216
Conclusions
217
We assessed the impact of NADH dehydrogenase deletions on current production, growth and 218 metabolism in S. oneidensis MR-1. Our results suggest that Nuo and Nqr1 are both involved in 219 electron transfer from NADH to the Mtr pathway and at least one is necessary for growth with 220 high-potential anodes or Fe(III)-NTA as the electron acceptor. These results indicate that neither 221 Nqr2 nor Ndh are sufficient to maintain electron flux to the Mtr pathway under these conditions.
222
This fundamental science may unlock potential applications in BESs and biosensors and 223 facilitate understanding of electron transfer in S. oneidensis MR-1. 
